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Abstract
The time-dependent fluorescence of tryptophan, an amino acid residue with an
indole chromophore, reports on the dynamics of the chromophore’s environment as
it relaxes in response to the charge redistribution accompanying photo-excitation
of the chromophore. As such, the time-dependent fluorescence can provide pow-
erful insights into biomolecular dynamics. However, the capacity to report on en-
vironmental dynamics rests on the ability to interpret the fluorescence signal on
a molecular level. Here, detailed atomistic simulation can provide understanding
of the photophysical behavior underlying the experimental signal. In simulations,
the time-dependent fluorescence Stokes shift, S(t), is calculated from the change in
potential energy of the chromophore’s surroundings, consisting of the rest of the pro-
tein, water, and ions, as the components respond to the change in the chromophore’s
charge distribution. Deconstructing the Stokes shift into three regions, there is gen-
eral agreement on the dynamics of the inertial decay in the sub-picosecond region,
as well as the water librations in the 1-2 picosecond region. However, disagree-
ment arises pertaining to the dynamics of the long-timescale region, which ranges
from tens to thousands of picoseconds depending on the protein. Proponents of
the “biological water” model, which explains that there is an rigid hydration layer
surrounding a protein, suggest that long-timescale dynamics are an intrinsic feature
of water. Conversely, we, as well as others, advance that the slow dynamics result
from protein motion as the system relaxes in response to photo-excitation of the
chromophore.
Because simulations of tryptophan-28 of lysozyme have been proposed as evi-
dence of “biological water”, the primary motivation of this work is to simulate the
time-dependent fluorescence of Trp-28, provide detailed analysis of the origin of the
long-timescale dynamics, and, ultimately, debunk the claim that the long-timescale
dynamics arise from intrinsically slow water. Using non-equilibrium molecular dy-
namics, we simulate the systematic response to the charge redistribution following
photo-excitation in a flexible system in which all species are capable of responding, a
frozen protein system, and a frozen protein and ions system. We find that the water,
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protein, and ionic contributions to the Stokes shift have slow components in the flex-
ible system. With only protein frozen, we find that the long-timescale component
of the water contribution remains and is nearly, if not exactly, equal in magnitude
and opposite to the ionic contribution. Furthermore, the long-timescale components
of all contributions, including that of the total Stokes shift, disappear when both
protein and ion motions are frozen. Addressing our secondary motivation of this
work, we correct a dielectric continuum model suggesting that protein and water
should have equal and opposite responses. While the dielectric continuum model is
not valid as originally proposed, it does apply in a different context and explains
our observation that the ions and water have equal and opposite long-timescale re-
sponses resulting from slow diffusion of ions and coupled ion-water motion from the
water molecules in the polarization layer of counter-charge surrounding the ions.
Therefore, we conclude that the long-timescale dynamics in the water contribution
to the Stokes shift of tryptophan-28 of lysozyme arise from coupled protein-water
and ion-water motions, not intrinsically slow water in the “biological water” model.
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Chapter 1
Introduction and Background
1.1 Overview of Tryptophan Fluorescence
Fluorescence occurs when a molecule, previously promoted to an excited state
by the absorption of a photon, subsequently emits light, generally at a different
wavelength than the incident radiation.1 The fluorescence of a folded protein is a
combination of the fluorescence of individual amino acid residues, including that of
tryptophan. Of the three fluorescent amino acid residues in proteins, tryptophan
is the most abundant with the highest quantum yield in the ultraviolet range.2
Additionally, the fluorescence of the indole chromophore of tryptophan demonstrates
high sensitivity to fluctuations of its environment, rendering it an excellent molecular
probe for monitoring protein structural changes and the hydration dynamics of the
protein’s surrounding environment.
A non-invasive and highly sensitive technique, fluorescence spectroscopy has the
potential to be an excellent tool for studying biological events, including use in
constructing protein energy landscapes as well as providing a method of studying
enzyme activity.3 In tryptophan fluorescence, the environment, consisting of water,
the protein, and the ions in solution, relaxes in response to the charge redistribution
following excitation of the indole chromophore of the tryptophan residue of the
protein. This systematic relaxation is highly representative of protein hydration
dynamics which are fundamental to protein structure and function.4–8 Furthermore,
tryptophan fluorescence is particularly informative due to its status as an intrinsic
chromophore in proteins, eliminating the need for tedious labeling and the possible
introduction of artifacts that would arise when using an external probe.1 This work
seeks to elucidate the photophysical nature of tryptophan fluorescence to further its
utility as a molecular probe of protein dynamics.
1
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1.2 Time-Dependent Fluorescence Stokes Shift
According to the Franck-Condon principle, the charge distribution within a chro-
mophore shifts following the moment of photo-excitation without significant change
in the position of the nuclei. Before excitation, the nuclei tend to be located in
the lowest free energy configurations of the ground state, which are generally differ-
ent from the lowest free energy configurations of the excited state. This results in
an initial excited state configuration that is energetically unfavorable. As a result,
the surroundings adapt to the excited state charge distribution of the chromophore.
Thus, when the chromophore fluoresces, the frequencies of the emitted light gener-
ally decrease over time, as shown in Figure 1.1.
Figure 1.1: Following to the Franck-Condon principle, the nuclei are stationary upon
absorption of a photon. The molecule will then relax to reach a lowest free energy
configuration of the excited state before fluorescing.
The difference between the emission and excitation photon energy as a function
of time gives the time-dependent fluorescence Stokes shift (TDFSS), as shown in
Equation (1.1).
S(t) = hνemission(t)− hνexcitation(t) (1.1)
For the case of a tryptophan residue with an indole chromophore (Figure 2.1), the
change in photon energy with respect to time can be modeled in simulations by
tracking the change in potential energy of the surroundings (protein, water, and
ions) as they relax in response to a change in the chromophore’s charge distribution.
Thus, the indole chromophore of a tryptophan residue is a molecular probe of protein
hydration dynamics.
The TDFSS is often segmented into three pieces, as shown in Figure 1.2. The
initial inertial decay occurs rapidly, governed by the inertial motion of the solvent
molecules.9,10 We begin the discussion of the inertial component by modeling the
Stokes shift explicitly as the difference between the ground and excited state energies
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Figure 1.2: The Stokes shift
at time t minus that at time t = 0, as shown in Equation (1.2).
S(t) = 〈[Ve(t)− Vg(t)]− [Ve(0)− Vg(0)]〉g (1.2)
For simplicity of notation, the dependence of the ground and excited state potentials
on atomic coordinates, Ve(t) = Ve(r1(t), r2(t)...rN(t)), is not shown. The angle
brackets indicate averaging over initial conditions, a thermal distribution in the
ground state. The energy gap, Ve(t) − Vg(t), changes with time due to the time-
evolution of atomic position, ri,α (i = 1, ..., N , where N is the number of atoms,
and α = x, y, z). Because the inertial drop concerns short time behavior, ri,α(t)
is expanded in a Taylor series about t = 0, as shown in Equation (1.3). In this
equation, repeated indices are summed.
Ve(t) =Ve(0) +
∂Ve
∂riα
(r˙iα(0)t+
1
2mi
Fe,iα(0)t
2 + ...)
+
1
2
∂Ve
∂riα∂rjβ
(r˙iα(0)t+
1
2mi
Fe,iα(0)t
2 + ...)(r˙jβ(0)t+
1
2mj
Fe,jβ(0)t
2 + ...)
(1.3)
In Equation (1.3), Newton’s equation is used to express r¨iα(0) =
1
mi
Fe,iα(0), where
Fe,iα = − ∂Ve∂riα . Excited state forces are used because relaxation occurs in the excited
state. Averaging over a ground state canonical distribution of initial conditions for
[ri, r˙i] and using 〈r˙iα〉 = 0, Equation (1.3) becomes Equation (1.4).
〈Ve(t)〉g = 〈Ve(0)〉g −
1
2mi
〈
∂Ve
∂riα
(
∂Ve
∂riα
− ∂Vg
∂riα
)〉
g
t2 +O(t3) (1.4)
After a similar procedure generates the ground state potential energy at a given time,
Ve(t), Equation (1.2) becomes Equation (1.5), showing the initial Gaussian-shaped
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inertial drop.
S(t) = − 1
2mi
〈(
∂Ve
∂riα
− ∂Vg
∂riα
)2〉
g
t2 +O(t4) (1.5)
Equation (1.5) indicates that the inertial drop depends on the interactions that
change between the ground and excited states. Therefore, if water-water interac-
tions are the same in the ground and excited states, as they are in our model, the
calculated inertial drop is independent of the choice of water interaction model.
The timescale associated with inertial drop is generally agreed to be in the
sub-picosecond range, τ1 ∼ 0.1 picoseconds. Additionally, there is a second short-
timescale component of the Stokes shift with time constant τ2 ≈ 1− 2 picoseconds.
These dynamics are understood to arise from hindered rotations, or “librations,” of
the solvent.11,12
Unlike the first two components of the Stokes shift, the interpretation of the
long-timescale third component is controversial, with time constant τ3 ranging from
a few tens of picoseconds to the nanosecond range, depending on the protein. The
slow component of the TDFSS has been simulated in previous works using both
non-equilibrium simulations and linear response theory. This work focuses on using
non-equilibrium simulations which best reflect the nature of the TDFSS as a non-
equilibrium process.
In a series of non-equilibrium molecular dynamics simulations, initial configu-
rations sampled from a ground-state Boltzmann distribution were propagated from
time t = 0 on the excited-state potential energy surface, simulating relaxation fol-
lowing the moment of photoexcitation. The total Stokes shift as a function of time,
Stotal(t), was then estimated to be the average over initial conditions of the time-
dependent energy difference between the excited and ground states, ∆Etotal(t), as
shown in Equation (1.6).
Stotal(t) = 〈∆Etotal(t)〉g − 〈∆Etotal(0)〉g (1.6)
After normalization, Equation (1.6) becomes Equation (1.7).
S
′
total(t) =
〈∆Etotal(t)〉g − 〈∆Etotal(∞)〉g
〈∆Etotal(0)〉g − 〈∆Etotal(∞)〉g
(1.7)
Stotal(t) in Equation (1.6) serves as a measure of the system relaxation occurring as
it tends toward equilibrium on the excited-state potential energy surface.
Stotal(t) depends the sum of the interactions between the chromophore and the
different components of its environment. In our model, the potential energy as
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a function of atomic position, Vtotal(r), is a sum of Coulomb and Lennard-Jones
potentials, as shown in Equation (1.8).
Vtotal(r) = VCoulomb(r) + VLJ(r)
=
∑
i∈indole
∑
j∈all
qiqj
4pi0rij
+
∑
i∈indole
∑
j∈all
4ij
((
σij
rij
)12
−
(
σij
rij
)6)
(1.8)
As the van der Waals potential between the ground and excited states is the same,
the difference between the two states rests on the Coulombic interactions between
the indole chromophore and its environment, as shown in Equation (1.9).
∆Etotal(t) =
∑
i∈indole
∑
j∈all
[Vexcited(ri − rj)− Vground(ri − rj)] (1.9)
With the environment consisting of the other atoms in the indole chromophore, the
rest of the protein (excluding the chromophore), the water molecules, and the ions,
Equation (1.9) becomes Equation (1.10). The indole-indole term is nearly constant,
so it is excluded from our Stokes shift in Equation (1.10).
∆Etotal(t) =
∑
i∈indole
∑
j∈protein
[Vexcited(ri − rj)− Vground(ri − rj)]
+
∑
i∈indole
∑
j∈water
[Vexcited(ri − rj)− Vground(ri − rj)]
+
∑
i∈indole
∑
j∈ions
[Vexcited(ri − rj)− Vground(ri − rj)]
=∆Eprotein(t) + ∆Ewater(t) + ∆Eions(t) (1.10)
After subtracting ∆E(0) and averaging over initial conditions, we calculate Stotal(t)
using Equation (1.11).
Stotal(t) = Sprotein(t) + Swater(t) + Sions(t) (1.11)
Alternatively, linear response theory has been used to model the Stokes shift.
Linear response theory treats the change in the charge distribution of the chro-
mophore as a perturbation and estimates the subsequent relaxation of the sys-
tem to linear order in the perturbation. Using the fluctuation-dissipation theorem,
〈∆Etotal(t)〉g is treated as a non-equilibrium property with fluctuations in the equi-
librated system described by Equation (1.12).
δ∆Etotal(t) = ∆Etotal(t)− 〈∆Etotal(t)〉g (1.12)
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The correlation function Ctotal(t) in Equation (1.13) then corresponds to Stotal(t) in
Equation (1.6).13 14
Ctotal(t) =
1
kBT
(
〈δ∆Etotal(t)δ∆Etotal(0)〉g −
〈
δ∆Etotal(0)
2
〉
g
)
(1.13)
Using partial correlation functions,14 the normalized correlation function C
′
total(t) is
generated in Equation (1.14), corresponding to the normalized Stokes shift, S ′(t),
in Equation (1.7).
C
′
total(t) =
〈δ∆Etotal(t)δ∆Etotal(0)〉g
〈δ∆Etotal(0)2〉g
=
〈δ∆Eprotein(t)δ∆Etotal(0)〉g
〈δ∆Etotal(0)2〉g
+
〈δ∆Ewater(t)δ∆Etotal(0)〉g
〈δ∆Etotal(0)2〉g
+
〈δ∆Eions(t)δ∆Etotal(0)〉g
〈δ∆Etotal(0)2〉g
= C ′protein(t) + C
′
water(t) + C
′
ions(t)
(1.14)
The origin of the long-timescale dynamics, modeled numerically in simulations
through the methods described above, motivates this work. One theory explains
that the slow dynamics are an inherent feature of water surrounding the protein,
while another, supported in this work, explains that it is the protein’s motion in
aqueous environment as it relaxes in response to a changing charge distribution in
the chromophore that results in the long-timescale behavior.
1.3 The Biological Water Model
The notion that a rigid layer of water encapsulates proteins and other biomolecules
originated in an interpretation of experimental studies which suggested that a pro-
tein rotates in solution as if the true radius was larger than the crystallographic
radius.15 This observation was expanded into the idea that the properties of water
molecules in the vicinity of proteins significantly differ from water molecules far-
ther away, and, in a way, distinct from water near non-biological surfaces.15,16 The
“biological water” model proposes that a rigid aqueous shell, often referred to as a
hydration layer, surrounding a protein consists of “bound” water molecules near the
protein that diffuse much more slowly than the “free” water molecules that consti-
tute bulk water.17,18 The designation as “free” or “bound” is related to timescales
as “free” molecules diffuse and reorient, while “bound” molecules can adjust their
configuration only by exchange with “free” water, as shown in Figure 1.3.17–19
The slow component of the Stokes shift has been used as evidence for biological
CHAPTER 1. INTRODUCTION AND BACKGROUND 7
Figure 1.3: Biological Water: “Bound” biological water within close proximity to
the protein is rapidly exchanged with “free” bulk water, with the exchange rate
consisting of k1 and k2. This figure is adapted from work by Bagchi and Zewail et
al.17–21
water. In an early and influential work, the hydration correlation function, C ′(t),
obtained from experimental data of tryptophan fluorescence was fit to an additive
exponential decay: τ1 in the sub-picosecond range, τ2 in the 1-2 picosecond range τ3
in the 20–50 picosecond range.18 The fast components with time constants, τ1 and
τ2, involve the inertial decay and the water librations, respectively.
18,22 The other
time constant, τ3 ∼ 20 − 50 picoseconds, has been interpreted as evidence for the
presence of a protein hydration layer, with a long-timescale component of the water
contribution to the Stokes shift, τ3,water, that is significantly different from that of
bulk water, where all relaxation near a single tryptophan residue is over after a few
picoseconds.18,19,23
1.4 Slow Dynamics Due to Protein: An Alterna-
tive to Biological Water
The slow component of the time-dependent fluorescence Stokes shift has also
been attributed to the dynamics of the protein itself.14,24 This theory suggests that
the previously described τ3 component of the Stokes shift is not supportive of the
biological water model, but rather that the long-timescale component of the TDFSS
varies from ∼ 10 picoseconds to ∼ 1 nanosecond depending on the protein-related
features of the environment. Protein-related features, as described here, are charac-
teristics of the chromophore’s local environment that are attributed to the motion of
the rest of the protein. The TDFSS has even been shown to vary based on the posi-
tion of the chromophore probe with respect to the slowly moving biomolecule.24–27
The long-timescale component after a few picoseconds must then reflect protein dy-
namics or, at least, strongly coupled protein-water motions.14,27–31 In this view, the
long-timescale component of the Stokes shift is not evidence for the existence of a
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slow hydration layer around the protein as part of the “biological water” model.32,33
In the years 2006-2008, Hassanali, Li, and Singer proposed a simulation tech-
nique to identify the origin of the slow component of the Stokes shift.27–29 In so-
called frozen protein simulations, the protein is immobilized at the instant of photo-
excitation and thus unable to relax in response to changing charge distribution of
the chromophore. If the biological water model was valid, the slow τ3 component
should still be present with protein frozen. Alternatively, if slow dynamics arise from
protein motion, the τ3 component should disappear with protein frozen. Our group
performed calculations for myoglobin, staph nuclease, monellin, and thioredoxin. In
every case, the τ3 component disappeared with protein frozen.
27–29 Of course, there
can be no protein motion without water displacement, and Li, Hassanali, Kao,
Zhong, and Singer described the slow component as coupled protein-water motion.
Seeking to bolster the “biological water” model, Bagchi and co-workers recently
claimed that slow dynamics persisted in the Stokes shift of tryptophan-28 of lysozyme
after freezing protein motion, as shown in Figure 1.4.23 Therefore, our primary aim in
this work is to use molecular dynamics simulations of the relaxation of lysozyme fol-
lowing the photo-excitation of the indole chromophore of the tryptophan-28 residue
to test the validity of Bagchi’s claim.
Figure 1.4: The normalized Stokes shift of Trp-28 from Bagchi et al. 2017, who
claim that a slow component remains in the Stokes shift when the protein is frozen
Halle and Nilsson suggest that there is a slow water component to the Stokes
shift that is coupled, but not dynamically, to a slow protein component.14,31 They
suggest that water and protein responses are approximately equal in magnitude and
opposite, which implies that it is erroneous to identify the slow component of the
Stokes shift as coupled water-protein fluctuations.27–29 However, we discount this
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claim because it uses a dielectric continuum model for water as an aqueous solvent,
and molecular dynamics simulations do not agree with its predictions.
In the Halle and Nilsson picture, the total difference between the ground and
excited state interaction energies, taken as a a function of protein conformation,
∆Etotal(xp), where xp stands for the coordinates of the protein, is assumed to be
dominated by Coulomb interactions. In water, modeled as a continuum with di-
electric constant , ∆Etotal(xp) can be calculated from the gas phase chromophore-
protein interaction potential, ∆Eoprotein(xp), as shown in Equation (1.15).
∆Etotal(xp) =
1

∆Eoprotein(xp) (1.15)
As the system consists only of the indole, the rest of the protein, and the continuum
solvent, the water contribution to ∆Etotal(xp) can be calculated as the total differ-
ence minus the protein contribution, as shown in Equation (1.16).
∆Ewater(xp) = ∆Etotal(xp)−∆Eprotein(xp)
=
1

∆Eoprotein(xp)−∆Eoprotein(xp)
= −
(
1− 1

)
∆Eoprotein(xp) (1.16)
With water as solvent,   1, and the water contribution to the interaction be-
tween chromophore and surroundings should be approximately equal and opposite
to protein contribution, as shown in Equation (1.17).
∆Ewater(xp) ≈ −∆Eoprotein(xp) (1.17)
The Stokes shift, however, is the difference between ∆Etotal(xp) at a given time
t and the same quantity at time t = 0, as shown in Equation (1.18).
Stotal(t) = ∆Etotal (xp(t))−∆Etotal(xp(0)) (1.18)
The group-specific contributions to the total Stokes shift are thus represented by
Equation Set (1.19).
Sprotein(t) = ∆E
o
protein(xp(t))−∆Eoprotein(xp(0))
Swater(t) = ∆Ewater(xp(t))−∆Ewater(xp(0)) (1.19)
Substituting the relationship derived in Equation (1.16), the water contribution to
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the Stokes shift can be represented by Equation (1.20).
Swater(t) = −
(
1− 1

)
Sprotein(t) (1.20)
Equation (1.20) implies that the slow component of the Stokes shift disappears
when protein coordinates are fixed at the moment of photo-excitation. Previous
studies29 in which the water contribution disappears when the protein motion is
fixed were used as an example of the validity of the dielectric continuum model.14,31
However, the further prediction from Equation (1.20) that water and protein contri-
butions are nearly equal in magnitude and opposite is not supported by molecular
dynamics studies.27,29 Therefore, testing Halle and Nilsson’s claim is a secondary
motivation for our work.
Chapter 2
Methodology
2.1 Generating the Stokes Shift
Non-equilibrium molecular dynamics simulations were used to construct the
Stokes shift. GROMACS34 was used to simulate a 100 nanosecond (ns) trajec-
tory of lysozyme35 in SPC/E water36 with 8 chlorine (Cl-) counter-ions added to
neutralize the protein’s positive charge. This 100 ns trajectory served to generate
a series of configurations representative of a Boltzmann distribution in the ground
state.
4000 initial configurations were sampled from the the ground-state Boltzmann
distribution and propagated from time t = 0 on the excited-state potential energy
surface, as described in Chapter 1, Section 2. The difference between the potential
energy surfaces of the ground and La states of the indole chromophore in tryptophan-
28 of the lysozyme molecule was implemented via a difference in partial charges on
the indole atoms, as shown in Figure 2.1 and Table 2.1.14,27–29,37,38 The Stokes shift
was then estimated to be the energy difference, averaged over initial configurations,
between the excited and ground states as a function of time as previously derived in
Equation (1.6). To decompose the Stokes shift into group-specific contributions, as
described in Equation (1.11), an indirect approach was taken. This approach will
be explained in detail in the following section.
The simulations above were repeated for two subsets of frozen simulations. In this
context, “frozen” refers to coordinate fixation at the moment of photo-excitation. In
the first subset, deemed “frozen protein” simulations, the coordinates of the protein
and the indole chromophore were fixed. In the second subset, “frozen protein and
ions”, the coordinates of the protein, the indole chromophore, and the ions were
fixed. More information regarding the simulation parameters can be found in the
Supplementary Materials section in Appendix A.
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Atom Ground La Difference
NE1 -0.10 0.07 0.17
HE1 0.31 0.31
CD1 -0.14 -0.09 0.05
HD1 0.14 0.14
CD2 0.00 -0.07 -0.07
CE3 0.14 -0.27 -0.41
HE3 0.14 0.14
CG -0.21 -0.06 0.15
CB 0.00 0.00
CZ3 -0.14 -0.13 0.01
HZ3 0.14 0.14
CH2 -0.14 -0.20 -0.06
HH2 0.14 0.14
CZ2 -0.14 -0.27 -0.13
HZ2 0.14 0.14
CE2 0.00 0.01 0.01
Table 2.1: Charges used on the
indole group in the La state
Figure 2.1: The indole chromophore of
tryptophan-28 of lysozyme
2.2 Decomposition of Coulomb Interactions
To obtain the contributions from each of the components in Equation (1.9),
the Coulomb energy, the only component of contributing to the difference between
the ground and excited state potentials in our model, was decomposed based on
group interactions. The original Coulomb potential is a sum of pair interactions.
However, in the Ewald representation of the Coulomb energy, the reciprocal space
portion of the Coulomb energy is not pairwise decomposable. Therefore, an indirect
approach was taken. The indole-protein, indole-water, and indole-ion interactions
were obtained by subtraction of the Coulomb reciprocal space contributions obtained
by setting charges of individual groups (indole, protein, water, ion), or combinations
of them, equal to zero. The individual groups are defined in Table 2.2.
Subscript Definition
i indole
p’ protein (excluding indole)
w water
I ions
Table 2.2: Definitions of symbols for charge groups
The potential energies were re-calculated using the previously simulated excited
state trajectory and topology files with charges of different groups set to 0. This is
outlined in the Table 2.3 and eqs. (2.1) to (2.4), in which Vij denotes the interaction
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between groups i and j. The indole-protein, indole-water, and indole-ion interactions
were isolated via eqs. (2.5) to (2.7)
V1(t) = Vii(t) + Vip′(t) + Vp′p′(t) (2.1)
V2(t) = Vii(t) + ViI(t) + VII(t) (2.2)
V3(t) = Vii(t) + Viw(t) + Vww(t) (2.3)
V4(t) = Vii(t) (2.4)
Charge Group Modification Potential Energy
qw = qI = 0 V1(t)
qw = qp’ = 0 V2(t)
qp’ = qI = 0 V3(t)
qw = qp’ = qI = 0 V4(t)
Table 2.3: Scheme for recalculated potential energies based on modified charges
Vip′(t) = V1(t)− V4(t)− Vp′p′(t) (2.5)
Viw(t) = V3(t)− V4(t)− Vww(t) (2.6)
ViI(t) = V2(t)− V4(t)− VII(t) (2.7)
Because the Stokes shift involves the difference between the potential energy of the
ground and excited states, the ground and excited modified potentials were used to
calculate the protein, water, and ion contributions, as shown in eqs. (2.8) to (2.10).
∆Eprotein(t) = V
e
ip(t)−V gip(t) = V e1 (t)−V g1 (t)−V e4 (t)+V g4 (t)−V ep′p′(t)+V gp′p′(t) (2.8)
∆Ewater(t) = V
e
iw(t)−V giw(t) = V e3 (t)−V g3 (t)−V e4 (t)+V g4 (t)−V eww(t)+V gww(t) (2.9)
∆Eions(t) = V
e
iI(t)−V giI(t) = V e2 (t)−V g2 (t)−V e4 (t) +V g4 (t)−V eII(t) +V gII(t) (2.10)
Considering that the water-water, protein-protein, and ion-ion interactions are the
same between the ground and excited states, eqs. (2.8) to (2.10) become the final
equation scheme as shown in eqs. (2.11) to (2.13).
Sprotein(t) = V
e
1 (t)− V g1 (t)− V e4 (t) + V g4 (t) (2.11)
Swater(t) = V
e
3 (t)− V g3 (t)− V e4 (t) + V g4 (t) (2.12)
Sions(t) = V
e
2 (t)− V g2 (t)− V e4 (t) + V g4 (t) (2.13)
Chapter 3
Results and Discussion
3.1 Viability of Initial System Configuration
To test whether we had thoroughly sampled the lysozyme ground state, we
tracked quantities like the ground state protein-indole interaction energy. The con-
cern is that slow processes in the ground state, such as loop-hopping between two
states, would not be sampled well in a 100 nanosecond trajectory. The ground state
protein-indole interaction energy as a function of time can be found in Figure 3.1.
It shows no evidence of long-timescale processes in the ground state.
Figure 3.1: Ground state protein-indole interaction energy as a function of time in
a 1 nanosecond ground state simulation
The distribution of the protein-indole ground state energy is shown in Figure
3.2. The protein-indole ground state energy is normally distributed, again suggest-
ing that there are no long-timescale events occurring that would skew the ground
state energy distribution, thus affecting the ground state configuration distribution
from which the configurations at t = 0 were sampled. Prominently, the lack of a
bimodal, or multimodal, distribution in Figure 3.2 confirms that no slow processes
are occurring because these would generally result in two (or more) minimum free
energy configurations.
14
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Figure 3.2: Ground state protein-indole interaction energy distribution
3.2 Flexible System
The Stokes shift was calculated for the flexible system using the construction
in Equation (1.11), as displayed in Figure 3.3. The indole-ion interactions, like
Figure 3.3: Stokes shift for the flexible system
the indole-indole interactions, are negligible in comparison with the water-indole
and protein-indole terms. Thus, Swater(t) and Sprotein(t) constitute the dominant
contributions to the total Stokes shift, Stotal(t).
Figure 3.3 provides qualitative evidence of the inconsistencies within Halle and
Nilsson’s dielectric continuum model for the Stokes shift. Their dielectric continuum
model predicts that the water and protein contributions to the Stokes shift will be
equal and opposite.14,31 In our flexible system simulations, the protein component
shows a long-time decay that is far different from the mirror image of that of water.
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The curves, Sx(t) were fitted using additive exponential decays of the form of
Equation (3.1). Each of the three exponential components were restricted to time
regions corresponding to the three components of the Stokes shift. The first expo-
nential component, with time constant τ1, corresponds to the inertial decay region
and is therefore restricted between 0 and 1 picoseconds. As mentioned previously
in Chapter 1, Section 2, a Gaussian fit is used to represent the inertial decay region.
The second component, corresponding to hindered water rotations, was bounded
by 5 and 20 picoseconds. The third and final region, corresponding to the slow
component, ranged from 20 to 300 picoseconds.
Sx(t) = −Sx,∞
(
1− (1− c2 − c3)e−
(
t
τ1
)2
− c2e−
(
t
τ2
)
− c3e−
(
t
τ3
))
(3.1)
It is important to note that the form of Equation (3.1) is somewhat arbitrary,
and the fits should be regarded as a heuristic tool. In some cases, we know that, on
empirical grounds, there are more than three decay components contributing to the
Stokes shift.
Sx (kJ/mol) Sx,∞
(kJ/mol)
τ1 (ps) c2 τ2 (ps) c3 τ3 (ps)
Total 12.65 0.2905 0.1644 6.861 0.1753 94.0299
Protein 10.65 0.2942 0.1553 7.268 0.1750 73.2924
Water 2.429 0.2936 0.0922 3.202 0.5670 1201.04
Table 3.1: Exponential fit to Stokes shift data
The time constant for the third region, τ3, is similar for protein contribution and
the total Stokes shift, while that of water is vastly different, suggesting that the
protein contribution constitutes the majority long-term component of the Stokes
shift. This striking congruence is confirmed by the normalized Stokes shifts, S
′
3(t),
displayed in Figure 3.4. The normalized Stokes shifts, though very similar, are not
exactly equal, showing that the total Stokes shift has a component other than the
protein. The fitted parameters, summarized in Table 3.1, reveal several features of
the relaxation process following photo-excitation. The time constant of the slow
component of protein, τ3,protein, is two orders of magnitude smaller than that of
the slow component of water, τ3,water, reinforcing, as mentioned in the discussion
of Figure 3.3, that the protein and water contributions do not mirror each other.
Past the inertial drop, the water contribution to the Stokes shift appears to be
dominated by the long-timescale component, as can be seen by the weight of the slow
component, c3,water = 0.5670. In Figure 3.3, it appears that the ionic contribution to
the Stokes shift, not the contribution from protein as predicted by Halle and Nilsson,
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Figure 3.4: The normalized Stokes shift of the flexible system
is equal and opposite to the contribution from water. To test this observation, the
indole-ionic and indole-water Stokes shifts in the third region, ranging from 20-300
picoseconds, were fitted with a linear model, as shown in Equation (3.2).
Sx(t) = kt+ b (3.2)
Figure 3.5: When the long-timescale ranges of the water and ionic Stokes shifts are
fit with the linear model in Equation (3.2), the slopes are not equal in magnitude
and opposite.
The intercept, b, is arbitrary, but the slope, k, is indicative of the relationship
between the water and ionic responses. Defining a constant T , with units of picosec-
onds, a meaningful long-timescale correlation can be extracted from the water and
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ionic Stokes shifts, as shown in Equation (3.3).
T =
∣∣∣∣1k
∣∣∣∣ (ps) (3.3)
The linear fits of the water and ionic Stokes shifts, as shown in Figure 3.5, yield
similar, although not equal, and opposite responses. As we will demonstrate below,
most of the water response reflects coupling to ionic motion, accounting for the
similar T values for water and ions. However, another part of the water response
arises from the type of protein-water motion described by Li et al. 2007. This
relationship will be further discussed in Section 3 through simulations in which
protein motion is frozen.
3.3 Frozen Protein System
The Stokes shift simulations and calculations were repeated for the frozen protein
system, shown in Figure 3.6. Swater(t) was fitted using Equation (3.1). However,
the weight of the long-timescale component, c3, was negligible for Stotal(t). Stotal(t)
was then re-fitted using Equation (3.4). The parameters for both fits are displayed
in Table 3.2.
Sx(t) = −Sx,∞
(
1− (1− c2)e−
(
t
τ1
)2
− c2e−
(
t
τ2
))
(3.4)
Figure 3.6: Stokes shift for the frozen protein system
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Sx (kJ/mol) Sx,∞
(kJ/mol)
τ1 (ps) c2 τ2 (ps) c3 τ3 (ps)
Total 1.497 0.2978 0.3426 10.58 —— ——
Water 1.883 0.2925 0.1864 7.646 0.2005 383.911
Table 3.2: Exponential fit to frozen protein Stokes shift data
Three important trends emerge from Figure 3.6. The first of these is that the
total Stokes shift of the frozen protein system is an order of magnitude less than the
total Stokes shift of the flexible system in Figure 3.3. The order of magnitude differ-
ence of the system relaxation upon fixing the protein coordinates at photoexcitation,
in comparison with that of the flexible system, suggests that protein comprises the
majority of the chromophore’s surroundings that participate in relaxation following
photo-excitation. Thus, the chromophore is indeed “buried” within the protein, as
has been previously noted by the Bagchi group.
Figure 3.7: Trp-28 in is “buried” in lysozyme, taken from Bagchi et al. 2017
The ionic contribution to the Stokes shift, ‖Sions(t)‖ ∼ 0.2 kJ/mol, is negligible
in the flexible system, with ‖Stotal(t)‖ ≈ 10 kJ/mol, but significant in the frozen
system, with ‖Stotal(t)‖ = 2 kJ/mol. This leads to the second key observation from
the Stokes shift plot in Figure 3.2, that the slow component of Sions(t) appears to now
exactly mirror the the slow component of Swater(t). The apparent relationship was
verified by fitting the water and ionic Stokes shifts using the linear model in Equation
(3.2). As shown in Figure 3.8, the water and ionic Stokes shifts have equal and
opposite slopes when protein is frozen, indicating that water and ionic responses are
intimately coupled. This relationship will be analyzed under an additional constraint
in Section 4, where both the protein and the ions are frozen.
Finally, the third observation from Figure 3.6 and Table 3.2 is that all time-
dependence of Stotal(t) past ∼ 50 picoseconds disappears when the protein is frozen
at the moment of photo-excitation. This is qualitatively seen in the Stokes shift
because the total Stokes shift rapidly converges to a constant. The Stokes fit pa-
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Figure 3.8: When the long-timescale ranges of the water and ionic Stokes shifts in
the frozen protein system are fit with the linear model in Equation (3.2), the slopes
are equal in magnitude an opposite.
rameters in Table 3.2 numerically confirm this observation. As presented in Equation
(3.4), the best fit for the the total Stokes shift, Stotal(t), neglects the third decay
component. When we include the c3e
−
(
t
τ3
)
term, the weight of the third component,
c3,total, is an order of magnitude smaller than that of the flexible system, further sug-
gesting the slow component of the total Stokes shift has disappeared upon freezing.
We propose that the water and ionic Stokes shifts nearly, if not completely, cancel
each other, thus allowing the total Stokes shift to rapidly converge to a constant
when protein motion is frozen. The physical explanation for this is discussed in
Section 5.
3.4 Frozen Protein and Ions System
In response to the newly observed ionic contribution to the Stokes shift in the
frozen protein system, the simulation method was repeated for a system in which
both the protein and the ions were frozen at the moment of photo-excitation. We
average excited state trajectories over initial protein and ion distributions represen-
tative of a thermal distribution because the initial configurations were sampled from
the ground state trajectory in which the ions move, only restricting ion and protein
motion following photo-excitation. The Stokes shifts generated from this system are
presented in Figure 3.9.
Figure 3.9 confirms that the slow component of the total Stokes shift, which
now only contains a water component, disappears when both the proteins and the
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Figure 3.9: The Stokes shift of the frozen protein and ions system
ions are frozen. Stotal(t) and Swater(t) were fit using Equation (3.1). Exhibited by
the rapid convergence to a constant in both Stotal(t) and Swater(t), the weight of the
long-timescale component, c3, was negligible for each fit and, as such, both data sets
were re-fitted with the modified model in Equation (3.4), with parameters displayed
in Table 3.3. The fits to Stotal(t) and Swater(t) are nearly exact. When included
in the fit, the weight of the long-timescale component, c3, was nearly zero in both
fits, providing further evidence that the long-timescale component disapppears for
Stotal(t) and Swater(t) when the motions of the protein and the ions are fixed at
photo-excitation.
Sx (kJ/mol) S∞ (kJ/mol) τ1 (ps) c2 τ2 (ps) c3 τ3 (ps)
Total 1.551 0.2024 0.3877 3.432 —– ——
Water 1.552 0.2023 0.3884 3.439 —– ——
Table 3.3: Exponential fit to frozen protein and ions Stokes shift data
Deserving special attention is the trend between the water and ions in the two
frozen systems. The aforementioned equal and opposite long-timescale components
of the ionic and water contributions in the frozen protein system are not seen in
the frozen protein and ions system. The Stokes shifts were again fit with the linear
model in Equation (3.2), with results displayed in Figure 3.10. In our system, with
less than ten counter-ions, we find that the ionic contribution to the total energy
difference comprising the Stokes shift is not, as remarked upon by Bagchi et al. 2017,
“negligible compared to others.” Instead, we find that the ions are significant in the
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Figure 3.10: When the long-timescale regions of the water and ionic Stokes shifts
in the frozen protein an ions system are fit with the linear model in Equation (3.2),
the slopes of both linear fits are 0.
Stokes shift of tryptophan-28 of lysozyme due to the small magnitude of the total
Stokes shift resulting from the buried location of the residue. Most significantly, we
find that the slow component of water disappears when ions are frozen along with
the protein.
3.5 Discussion
In response to our main motivation, the results of this work directly contradict
the faulty analysis by Bagchi et al. which proposed that the long-timescale dynam-
ics in the Stokes shift of Trp-28 of lysozyme is evidence of biological water near the
protein. The Stokes shift of the flexible system (Figure 3.3) reiterates the previous
finding from Li et al. 2007 that the total Stokes shift includes water and protein
contributions due to protein relaxation and protein-coupled response from the wa-
ter. In simulations where protein motion is frozen, the water contribution to the
Stokes shift appears to have long-timescale dynamics, which had been calculated
by Bagchi et al. and interpreted as “biological water.” However, when ions are
frozen as well, the slow component in the water response disappears, proving that
the slow component of water with only protein frozen reflects slow ion dynamics,
not intrinsically slow water.
We propose that this slow component in the water contribution represents a
response to the slow ionic diffusion far away from the protein. Polarization charge,
depicted in Figure 3.11, is the layer of counter-charge within water near an ion that
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accumulates when the relatively positive hydrogen atoms of the water molecules
reorient around the negatively charged ion to stabilize the charge. As the ions far
away from the protein diffuse over time, the always-present layer of polarization
charge also diffuses, giving rise to an indole-water contribution that is equal in
magnitude and opposite to the indole-ion contribution.
Figure 3.11: Polarization charge is the layer of counter-charge within water near an
ion
In the fully flexible system, we propose that water contributes to the Stokes shift
through two indirect ways: coupled protein-water motion and coupled ion-water
motion. In the frozen protein system, where there is no protein relaxation to induce
coupled protein-water motion, the water and ionic components of the Stokes shift
are nearly, if not exactly, equal and opposite (Figure 3.8).
Halle and Nilsson’s dielectric continuum model, which, as they originally pro-
posed, is a poor model for describing protein-water coupling, turns out to explain the
near cancellation between the water and ionic contributions with protein frozen. Un-
der our dielectric continuum model, the total difference between the ground and ex-
cited state interaction energies, taken as a function of ion coordinates, ∆Etotal(xions),
consists of water and ionic contributions, as shown in Equation (3.5). The ionic
contribution, ∆Eions(xions), is represented as the gas-phase Coulomb interaction
potential between the ions and the indole chromophore, ∆Eototal(xions).
∆Etotal(xions) = ∆Ewater(xions) + ∆Eions(xions) (3.5)
In water, modeled as a continuum with dielectric constant , ∆Etotal(xions) can be
calculated from the gas phase indole-ionic interaction potential because the ions are
far from the indole chromophore, as shown in Equation (3.6).
∆Etotal(xions) =
1

∆Eoions(xions) (3.6)
Combining Equations (3.5) and (3.6), we solve for the long-timescale water contri-
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bution to ∆Etotal(xions) in Equation (3.7).
∆Ewater(xions) = −
(
1− 1

)
∆Eoions(xions) (3.7)
As mentioned in Chapter 1, Section 4,   1 with water as a solvent, so the water
contribution to the interaction between chromophore and surroundings should be
approximately equal and opposite to the ionic contribution, as shown in Equation
(3.8). Thus, Equation (1.20) from the Halle and Nilsson view should actually be
Equation (3.9).
∆Ewater(xions) ≈ −∆Eoions(xions) (3.8)
Swater(t) = −
(
1− 1

)
Sions(t) (3.9)
The long-timescale equal and opposite trends of the water and ionic Stokes shifts
in Figure 3.8 validate our model in Equation (3.9). The model is further validated by
the disappearance of the long-timescale water component when both protein and ions
are frozen (Figure 3.10). Therefore, we conclude that the long-timescale component
of the water contribution to the Stokes shift is a result of coupled protein-water and
ion-water motion.
Chapter 4
Conclusion
Understanding of the photophysical behavior underlying tryptophan fluorescence
is a requisite for its use of in the study of protein dynamics. The difference be-
tween the emission and excitation energy of a photon as the tryptophan residue’s
indole chromophore fluoresces over time, otherwise known as the time-dependent
fluorescence Stokes shift, is highly reflective of the systematic relaxation of the chro-
mophore’s surrounding environment. The long-timescale dynamics of the Stokes
shift have been explained using the “biological water” model, wherein it has been
proposed that the slow dynamics are a product of the rapid exchange of “bound”
water molecules, constituting an ice-like hydration in the immediate vicinity of a pro-
tein, with freely-moving water molecules far away.17–21,23 As an alternative, previous
studies from our group, as well as others, have explained that the long-timescale com-
ponent of the total Stokes shift is reflective of protein dynamics as the protein relaxes
to the chromophore’s changing charge distribution, as well as protein-coupled water
motion. However, the slow component of the total Stokes shift is not reflective of
the intrinsic water dynamics, as proposed by the “biological water” model.14,27–31
Linear response theory and non-equilibrium methods have been used to simulate
the systematic relaxation following photo-excitation of the chromophore as part of
the investigation of the origin of the long-timescale dynamics of the Stokes shift.
Previous studies from our group proposed a non-equilibrium simulation tech-
nique wherein the protein is immobilized at the moment of photo-excitation.27–29
By rendering the protein unable to relax in response to the changing charge distribu-
tion of the chromophore, our group showed that the long-timescale component of the
Stokes shift disappeared which undermined the attribution of slow dynamics to the
water molecules. Bagchi and co-workers, proponents of “biological water”, utilized
this technique with tryptophan-28 of lysozyme and proposed that slow dynamics
remain even when the protein is frozen, therefore substantiating the attribution of
25
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slow dynamics to water as part of the “biological water” model. With this claim
as the main motivation for this work, we have conducted an investigation into the
time-dependent fluorescence Stokes shift of indole in Trp-28 of lysozyme and we
propose that the long-timescale component of the Stokes shift is a result of protein
motion, coupled protein-water motion, and coupled ion-water motion.
Using initial configurations sampled from a Boltzmann distribution in the ground
state, we propagated the system from time t = 0 on the excited-state potential en-
ergy surface and calculated the total Stokes shift of the system, Stotal(t), as the
time-dependent energy difference between the ground and excited states. The en-
ergy difference, which consists of changes in the Coulombic interactions between the
indole chromophore and its environment, was decomposed to calculate the protein,
water, and ionic contributions to the Stokes shift. The resulting Stokes shifts were
fitted using a sum of three exponentials representing each of the expected compo-
nents to the Stokes shift: the inertial decay region between 0 and 1 picoseconds,
the region between 5 and 20 picoseconds dominated by water librations, and the
long-timescale region between 20 and 300 picoseconds.
For the flexible system, where all components of the environment are capable of
responding, our results in Figure 3.3 show that the total, protein, water, and ionic
Stokes shifts have long-timescale components. We observe a mirrored trend between
the long-timescale components of the water and ionic Stokes shifts. When fit to a
linear model, the long-timescale components prove to be similar, though not equal,
and opposite responses.
As previously described by Li et al. 2007, we attribute the aforementioned
incongruity to coupled protein-water motion that arises when the protein is able
to relax in response to the changing charge distribution of the chromophore. We
tested our theory through the Singer group’s frozen protein technique, with results
displayed in Figure 3.6. We find that the slow component of the total Stokes shift
disappears with protein frozen. However, we find that a slow component remains in
the water and ionic contributions. Fitting the long-timescale regions of the water
and ionic Stokes shifts to a linear model, we find that the slopes of the curves
(with units of picoseconds−1) are equal in magnitude and opposite (Figure 3.8).
Furthermore, the slopes of the linear fits to the water and ionic curves were effectively
0 in subsequent simulations with both the protein and the ions frozen, as shown in
Figure 3.10.
Combining the results of the flexible, frozen protein, and frozen protein and ions
systems, we conclude that, due to neglect of ions, Bagchi and co-workers erroneously
interpreted the long-timescale component in the water response for the frozen pro-
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tein system as evidence of “biological water”. Alternatively, we propose that the
persistence of the slow component of the water response between the flexible and
frozen protein systems results from the motion of water within the polarization
layer of counter-charge near an ion as the ion slowly diffuses, far away from the
chromophore. We emphasize the linear fits to the long-timescale components of the
water and ionic contributions as the most significant evidence behind our conclusion
(Figures 3.5, 3.8, and 3.10).
Addressing the secondary motivation of this work, we find no support for the
Halle and Nilsson model that calculates that the protein contribution should mirror
that of water. Instead, we present a new dielectric continuum model which cal-
culates that the long-timescale component of the water contribution to the Stokes
shift should be equal in magnitude and opposite to that of the ionic contribution.
The clearly equal and opposite trends of water and ionic Stokes shifts in the frozen
protein system, as well as the disappearance of the long-timescale component of the
water curve in the frozen protein and ions system, confirm the validity of our model.
In closing, this work shows that the long-timescale component of the water contri-
bution to the Stokes shift of tryptophan-28 in lysozyme results from, as suggested
previously, coupled protein-water motion as well as our novel finding of coupled ion-
water motion, therefore nullifying the claim that the long-timescale component is
due to intrinsically slow dynamics of water as part of the “biological water” model.
Appendix A
Supplementary Materials
A.1 Simulation Parameters
Lysozyme (PDB:1AKI)
A periodically-replicated cubic box of side length 80A˚ was used. The GRO-
MOS 54A7 force field was used.39 Previous calculations37 were used to implement
the difference in partial atomic charges of indole between the ground and excited
states. Long range electrostatics were handled using the smooth Particle Mesh
Ewald (SPME) algorithm40,41 with a real-space cutoff radius of 10A˚. Long range
dispersion corrections were applied for both energy and pressure. The cutoff length
for the Lennard-Jones potentials was set to 10A˚. For the ground state simulation, a
canonical velocity-rescaling thermostat42 and a 0.1 picosecond time constant were
used to maintain the system temperature at 298 K. Additionally, isotropic Berend-
sen pressure coupling43 was used with a 0.5 picosecond time constant to maintain
the pressure at 1.0 bar in all directions.
Frozen Protein and Frozen Protein & Ions Simulations
For both the frozen protein and the frozen protein & ions simulations, the pa-
rameters were the same as above, with two modifications. The freeze groups were
specified as protein or protein & ions. Accordingly, pressure coupling was disabled.
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